To determine a suitable DNA barcode for the genus Neonectria, the internal transcribed spacer rDNA, β-tubulin, EF-1α, and RPB2 genes were selected as candidate markers. A total of 205 sequences from 19 species of the genus were analyzed. Intraand inter-specific divergences and the ease of nucleotide sequence acquisition were treated as criteria to evaluate the feasibility of a DNA barcode. Our results indicated that any single gene among the candidate markers failed to serve as a successful barcode, while the combination of the partial EF-1α and RPB2 genes recognized all species tested. We tentatively propose the combined partial EF-1α and RPB2 genes as a DNA barcode for the genus. During this study, two cryptic species were discovered, based on the combined data of morphology and DNA barcode information. We described and named these two new species N. ditissimopsis and N. microconidia. intra-specific variation, inter-specific variation, morphology, DNA barcode, sequence analysis
Rapid and precise identification of species is the vital and critical first step in the fields of conservation, sustainable use of biodiversity [1] , ecology [2] , pathogen prevention and control [3] , quarantine control of exotic species [4] , forensic investigations [5] , and human health [6, 7] . Using purely morphological methods to identify fungal species poses some problems. The number of taxonomic mycologists is very limited, and for a specific fungal group fewer specialists can be consulted. Furthermore, morphological identification is somewhat time-consuming especially of species that lack sufficient diagnostic features, such as unicellular groups or those that fail to sporulate. In the past two decades, analysis of DNA sequences has been incorporated to establish phylogenetic relationships among groups and to aid species delimitation [8] [9] [10] [11] [12] . Nowadays, efforts have been made to seek a short, standardized, and universal gene marker for rapid species identification of diverse groups of fungi [5, [13] [14] [15] [16] [17] [18] [19] . So far, a single universal DNA barcode for fungi has not been obtained [20] . Attempts have been made to develop a molecular identification system based on multilocus species identification, rather than a single locus [21] .
Neonectria, a genus of the family Nectriaceae, was redefined, and three species were first accepted with the genus Cylindrocarpon as anamorphs by Rossman et al. [22] . Species belonging to the Nectria mammoidea-Group, Nectria rugulosa-Group, Nectria radicicola-Group and Nectria veuillotiana-Group were later assigned to the genus [23, 24] . More recently, quite a few species were added to the genus [25] [26] [27] [28] [29] [30] [31] [32] . As the number of species increased, it became necessary to investigate a DNA barcode for the genus to get a better understanding of the species diversity of the group. In this study, we used ITS (rDNA internal transcribed spacer), β-tubulin, EF-1α (elongation factor 1α), and RPB2 (RNA polymerase second largest subunit) genes, which have been widely used in the exploration of phylogeny among species, to select a suitable DNA barcode for Neonectria. The intraand inter-specific divergences and ease of nucleotide sequence acquisition were treated as criteria to evaluate the feasibility of a DNA barcode.
During the screening of DNA barcodes for the genus Neonectria, two cryptic species were described as new species. One of them is closely related to Nectria ditissima and Nectria major, and the other is associated with Nectria confusa and its allies.
Materials and methods

Materials studied
A total of 82 strains representing 19 species of the genus Neonectria were sampled, including the type species Nectria ramulariae (Table 1 ).
Morphological study
The methods of Rossman et al. [22] and Luo and Zhuang [31, 32] were generally followed for morphological characterization. Water was used as mounting fluid for microscopic examinations and measurements, and photographs were taken from water or lactic acid mounts with a Canon G5 (Tokyo, Japan) digital camera connected to a Zeiss Axioskop 2 plus microscope (Göttingen, Germany). The color names of colonies follow Ridgway's nomenclature [33] . Specimens are deposited in the Mycological Herbarium, Institute of Microbiology, Chinese Academy of Sciences, Beijing, China.
DNA extraction, PCR amplification, and sequencing
Genomic DNA was extracted from mycelia using the CTAB method [34] . Complete ITS rDNA was amplified and sequenced with ITS5 and ITS4 (or ITS1 and ITS4) primers [8] . A partial β-tubulin gene was PCR amplified with the primers T1 and T224 (or T22, T222) and sequenced with primers T1 and Bt2b [10, 35] . The partial EF-1α gene was amplified by the primer pair 526F (or 728F) and 1567R. The amplicon was sequenced with the primers EFjR or 1567Ra in addition to the amplification primers 526F or 728F [36, 37] (http://www.aftol.org/pdfs/EF1primer.pdf), and the region between 728F and EFjR was analyzed. The taxon specific primers for EF-1α gene, nEF-1 (5′-CACGTCGATTCTGG-CAAGTC-3′, forward), nEF-12 (5′-TTGGTGGTGTCCAT-CTTGTT-3′, reverse), and nEF-13 (5′-GCGTTGTAGCCG-ACCTTCTT-3′, reverse), were designed for PCR and sequencing when the commonly used primers did not perform well. The RPB2 gene was amplified with the primer pair fRPB2-5F and fRPB2-7cR [38] . The primers fRPB2-5F and RPB2intR [25] were used for sequencing. The following primers were designed for RPB2 amplification and sequencing, and used when necessary: nRPB2-147 (5′-TCG-GCAARAAGCGWYTKGATC-3′, forward); nRPB2-764 (5′-AYTTBCGKCGRGTATCCA-3′, reverse); nRPB2-766 (5′-BGAYTTBCGKCGRGTATC-3′, reverse).
PCR was performed with the 2720 Thermal Cycler (Applied Biosystems, Foster City, CA, USA) using a 25 μL reaction system. For ITS, PCR conditions were an initial step of 5 min at 94°C; 30 cycles of 30 s at 94°C, 30 s at 53°C, and 30 s at 72°C; followed by 10 min at 72°C. For β-tubulin, PCR conditions were an initial step of 5 min at 94°C; 30 cycles of 35 s at 94°C, 55 s at 53°C, 1 min or 2 min at 72°C; followed by 10 min at 72°C. For EF-1α, PCR conditions were an initial step of 5 min at 94°C; 10 cycles of 30 s at 94°C, 55 s at 63°C or 66°C (decreasing 1°C per cycle), 90 s at 72°C; plus 36 cycles of 30 s at 94°C, 55 s at 53°C or 56°C, 90 s at 72°C; followed by 7 min at 72°C. For RPB2, PCR conditions were an initial step of 5 min at 95°C; 35 cycles of 30 s at 94°C, 30 s at 55°C, 1 min or 90 s at 72°C; followed by 10 min at 72°C. The obtained amplicons were sequenced in both directions with an ABI 3730 XL DNA Sequencer (SinoGenoMax Co. Ltd., Beijing, China).
Comparison of intra-and inter-specific divergences
Sequences were aligned using ClustalX 1.81 [39] and manually edited to adjust the aligned sequences by BioEdit 7.0 [40] . A partition homogeneity test (PHT) was performed with 1000 replicates in PAUP 4.0b10 [41] to evaluate statistical congruence between sequence data from EF-1α and RPB2 gene regions. The aligned sequences of each gene and the combined EF-1α and RPB2 genes were analyzed using DNAstar 7.1.0 (Lasergene, USA) to calculate the similarity matrices and then illustrate the intra-and inter-specific variations of the candidate barcode loci for each of the 19 species tested in this study, using a visualization analysis tool, TaxonGap 2.4.1 [42] . As suggested by Martens et al. [43] , Nectria pseudotrichia was designated as the outgroup in the analysis.
The other distance-dependent method for evaluation the sequence variations within and between species of the potential barcode regions using Kimura's two-parameter (K2P) model, with clustering at a given threshold, was generated with TaxonDNA 1.6.3 [44] .
Evaluation of the ease of test barcode sequence acquisition
Success rates of PCR amplification and sequencing of the considered DNA barcode markers for the genus were assessed. A single PCR band obtained was considered as successful amplification. A high quality chromatogram counted as successful sequencing. The success rate of PCR amplification multiplied by that of sequencing produced the overall success rate of PCR amplification and sequencing.
Neighbor-joining tree reconstruction
A neighbor-joining tree was constructed based on sequence analysis of the combined EF-1α and RPB2 genes using MEGA 4.0.2 [45] with the K2P substitution model to show the relationships among the Neonectria species. Branch support was calculated by a bootstrap analysis with 1000 replicates, and N. pseudotrichia was used as the outgroup.
Results
Selection of DNA barcode markers for Neonectria
A total of 205 sequences of the four candidate DNA barcode regions, ITS, β-tubulin, EF-1α and RPB2 genes, from 19 Neonectria species were analyzed (Table 1) . To meet the requirements for a standard DNA barcode, the sequences of all the candidate markers must be short, i.e., 412-475 base pairs (bp) for ITS, 489-515 bp for β-tubulin, 461-478 bp for EF-1α and 473 bp for RPB2.
Intra-and inter-specific variation, clustering with a given threshold, and the success rate of PCR and sequencing were used to evaluate the feasibility of the candidate markers [46] . Among them, intra-and inter-specific variation was treated as a very important criterion. The successful species identification of a DNA barcode requires a clear distinction between intra-and inter-specific divergences [47] . The intraand inter-specific variations of the candidate DNA barcode regions for each of the 19 Neonectria species generated using TaxonGap [42] indicated that the EF-1α gene provided a somewhat better resolution compared with the ITS, β-tubulin, and RPB2 genes (Figure 1 ). For the EF-1α gene, the smallest inter-specific variation was 1.7%, which is shown as a thin and black line in Figure 1 . All species, except for N. confusa and N. veuillotiana, had intra-specific variations lower than 1.7%. When the β-tubulin gene was tested, the minimum inter-specific variation between N. confusa and Nectria punicea was only 0.7%, the intra-specific variations of four species (Nectria discophora var. discophora, N. ditissima, N. major and N. ramulariae) exceeded the smallest inter-specific variation. The species identification abilities of ITS and RPB2 genes were even worse, and thus the thin and black line cannot be detected. Thus, no individual DNA marker could serve as a suitable barcode; therefore, gene combinations were considered. When the EF-1α and RPB2 genes were combined, the analysis provided a fairly good result in that all intra-specific variations were lower than the smallest inter-specific variation (Figure 1 ). Clustering with a given threshold was calculated using TaxonDNA [44] , which provided additional measurements of the intra-and inter-specific divergences for the candidate barcode markers ( Table 2 ). The largest intra-specific distance was employed as the threshold of clustering to explore the coincidence of a cluster and its correlation with a single species. For the EF-1α gene, a total of 18 clusters were recognized, which means this gene separated 17 of the 19 species (89.5%); RPB2 and β-tubulin genes discriminated 16 and 12 species, respectively; and ITS was able to identify only 10 species. When RPB2 gene and EF-1α gene were combined, all examined species were identified successfully.
The success rate of PCR and sequencing was one of the criteria to estimate candidate barcode markers. EF-1α, RPB2, and β-tubulin genes were easily PCR amplified and sequenced, and the success rates reached 100%. New primer pairs were required for RPB2 and EF-1α genes from a few species, although the commonly used primers worked well in most species of the genus. Unexpectedly, ITS scored a relatively low success rate (83.7%).
The partition homogeneity test (P=0.018) suggested that the individual partitions were congruent [48, 49] . EF-1α and RBP2 sequences were therefore combined for the subsequent analysis. In the neighbor-joining tree generated from the combined EF-1α and RPB2 genes, all species were well-separated from each other as independent terminal branches ( Figure 2 ). Sequences from different strains of the Ascomata perithecial, gregarious up to 20 in a group, with a well-developed stroma that is erumpent through bark, Notes: Among the known species of the genus, N. ditissimopsis is most similar to N. ditissima in the subglobose In addition to the morphological characteristics, recognition of this new species and its close relation to N. ditissima were also supported by sequence analysis of the combined EF-1α and RPB2 genes (Figure 2 ), which will be discussed later.
Neonectria microconidia J. Ascomata perithecial, gregarious, up to 50 in a group, on a well-developed stroma, superficial, subglobose to obpyriform, 245-360 μm high, 210-340 μm diam, with a small papilla, not collapsing when dry, orange-red when fresh and red when dry, turning dark red in 3% KOH and orange red to orange in lactic acid, surface smooth. Ascomatal wall 25-42 μm thick, of two layers; outer layer 20-28 μm thick, cells angular, 7-17×5-10 μm, cell wall 0.5-2.5 μm thick; inner layer 4.5-15 μm thick, cells flattened, 9-29×2-5.5 μm, cell wall 0.5-1.5 μm thick. Asci cylindrical to broadly cylindrical, 8-spored, with an apical ring, 65-90×5-9 μm (n=50). Ascospores fusoid to ellipsoid, uniseptate, not constricted at septum, hyaline to yellowish, warted, irregularly biseriate, 11-15×4-6 μm (n=50).
Colonies Notes: Among the existing species of the genus, N. microconidia is most similar to N. confusa in smooth and subglobose perithecia, which do not collapse when dry, cylindrical asci with an apical ring, fusoid ascospores with a warted surface, ellipsoid to cylindrical microconidia, and brown colony on PDA. N. confusa, however, differs in smaller ascomata (205-260×175-240 μm), thinner ascomatal wall (18-30 μm thick), slightly smaller ascospores (9-13×3.5-5 μm), and producing abundant macroconidia in culture [32] . The DNA sequence divergences support strongly the separation of N. microconidia from N. confusa (Figure 2 ). Different strains of any one of the two species share very similar sequences. We treat the above distinctions at the species level.
Discussion
As previously indicated, the two important criteria for estimating a DNA barcode are suitable intra-and inter-specific sequence variation and high success rate of PCR amplification and sequencing. In our study, the success rates of PCR amplification and sequencing for all tested markers were more or less the same because of the new primer pairs introduced. Therefore, a suitable intra-and inter-specific sequence variation becomes critical. Our results suggest that the combination of partial EF-1α and RPB2 genes may serve as the DNA barcode for the genus Neonectria.
As a qualified DNA barcode, a short, single DNA fragment should be distinct enough to separate a wide range of species. The fact that fungi display extremely high species diversity among living organisms may cause problems during determination of a universal barcode. In the case of Neonectria, when a single DNA fragment is considered as a barcode marker, the EF-1α and RPB2 genes were both better than the ITS and β-tubulin genes. The EF-1α gene possessed more or less adequate intra-and inter-specific variations, and therefore had the highest species identification power among the candidate markers. It is able to recognize 17 of the 19 species tested (89.5%, Table 2 ), with the exception of the two closely related species. RPB2 gene ranks the next (16/19, 84 .2%, Table 2 ). This result conforms to the previous studies in certain other fungal groups [38, [52] [53] [54] . The other two genes, β-tubulin and ITS, had undesirable intra-and inter-variations and exhibited relatively poor species resolution capacity (Table 2) , which indicated that the partial β-tubulin gene and ITS gene are inadequate to identify closely related species. The low inter-specific variation in ITS failed to discriminate closely related species (Figure   1 ), which was also reported in other groups of fungi [55] [56] [57] and thus limits its application as a DNA barcode [20] .
A two-locus DNA barcode, the combination of plasmid genes rbcL and matK, was adopted recently as the main barcode of land plants [58] . In our case, no single gene could serve as a powerful DNA barcode. We thus proposed to use two gene fragments instead one as the barcode for the group. The combination of the EF-1α and RPB2 genes recognized all species of the genus (Figure 1; 19/19 , 100%, Table 2 ). This is because the three species (N. confusa, Nectria faginata and N. punicea) that the RPB2 gene failed to identify can easily be separated by the EF-1α gene. Similarly, the two species (N. ditissima and N. major) that the EF-1α gene was unable to distinguish are well-differentiated by the RPB2 gene. These two gene fragments appear to be complementary and work jointly as the DNA barcode of Neonectria.
During our screening of the DNA barcode, attention was also paid to the establishment of the correct species concepts for this group of fungi. The neighbor-joining tree generated by combined sequences of the EF-1α and RPB2 genes indicates that collections formerly treated as N. ditissima (as Nectria galligena) and N. confusa were not completely identical in DNA sequences, although their morphological distinctions were relatively few or negligible at the species level. The sequence analysis and inter-and intra-specific variations displayed by these collections led to the discovery of two cryptic species, N. ditissimopsis and N. microconidia (Figures 1-5) . The former was previously merged with N. ditissima [30] , and the latter was treated as an intra-specific variant of N. confusa, based on morphological and culture characteristics [32] .Our sequence analysis also revealed that N. ditissimopsis is closely related to N. ditissima, N. major, and Nectria neomacrospora, with 100% bootstrap value, which is in accordance with their morphological similarity. Neonectria microconidia is closely related to N. confusa, N. coccinea, N. punicea, and N. faginata, also with 100% bootstrap support. Detailed morphological comparisons between N. microconidia and N. confusa have already been discussed.
DNA barcoding is becoming a helpful tool in the assessment of biodiversity. Discovery of cryptic species by DNA barcoding has been reported in butterfly [59] and yew [60] . The current work suggests that integrated studies on morphology and DNA sequence data have a bright future in the exploration of fungal diversity and the establishment of clear species concepts. 
